I. Single units in striate cortex were studied in alert macaques while they viewed a ganzfeld. Of the 385 well-isolated units studied for 10 min to 2 h, 24% gave "luxotonic" responses, i.e., their rate of discharge for 1 min or more in diffuse, featureless, wideangle illumination (20-450 cd/m2) was at least double that during a comparable period in darkness, or vice versa, and not attributable to eye movements or blinking. Those discharging faster in the light, "photergic" units, outnumbered those responding to darkness, "scotergic" units,* by 4: 1. 2. In the lateral geniculate nucleus, on the other hand, among 46 units studied, 28% were luxotonic, but scotergic units were the more common. Both types were present in both magno-and parvocellular laminae.
3. For striate cortex two-thirds of the luxotonic units were binocular. Some showed highly similar response for either eye alone, and essentially no summation binocularly; others had grossly differing responses from each eye, and complex binocular interaction.
4. Many units of all types at striate cortex showed significant modulation of their activity consequent to saccadic eye movements made in darkness, whereas comparable modulation was not observed at the lateral geniculate nucleus.
5. On the basis of these and other findings it is concluded that luxotonic cortical activ-* The terms photergic and scotergic imply no relation whatever to photopic and scotopic mechanisms, and the reader is cautioned against making any such assumption. Indeed, data for the squirrel monkey (3) strongly suggest that cones provide essentially all of the visual input for luxotonic responses recorded at striate cortex.
ity is prominent probably only in alert primates, and that this is a consequence of the fact that all retinal ganglion cells in primates synapse in the lateral geniculate nucleus (Ref. 9) . Possible functions range from mere trophic input to providing a veridical image or a scaling factor for maintenance of perceptual constancy in the face of varying levels of general illumination. INTRODUCTION In the unanesthetized squirrel monkey, about 40% of the units encountered by metal microelectrodes penetrating striate cortex, primarily in the fovea1 representation, are luxotonic (3), i.e., their maintained rate of discharge in bright, featureless, wide-angle illumination is at least twice that in darkness (photergic units), or vice versa (scotergic units). This observation was wholly unexpected since 2 decades of recording unit activity in the visual cortex of the cat and other mammals, including macaques, had revealed no such responsiveness to diffuse illumination.
Part of this discrepancy might be attributable to anesthesia, luxotonic activity in Saimiri being grossly disrupted even by nitrous oxide or diazepam (Valium). However, both Hubel (29), and Jung and his colleagues (33) had initially stimulated unanesthetized cats with diffuse light and found nothing resembling luxotonic activity. This was further confirmed by Burns et al. (10) . Recent experience further confirms this impression, i.e., that luxotonic units are rare or absent in the visual cortex of the cat (18, 48 , and personal communication from E. Riva-Sanseverino).
A similar absence of luxotonic activity can be inferred for the striate cortex of the unanesthetized rabbit (e.g., Refs. 13, 36, 59; and P. Kahrilas, R. W. Doty, and J. R. Bartlett, unpublished observations).
It was thus of some interest to determine whether luxotonic units might be as prevalent in the striate cortex of Old World primates as they are in the New World monkeys, Saimiri;
and whether this could be demonstrated in animals free of curarizing or other pharmacological agents. Such is, indeed, the case, and several preliminary reports of this investigation have appeared (4, 20, 21, 34) , as has a confirmatory summary by Mansfield (37).
METHODS
The experiments were performed on mature macaques, six Mucaca fascicularis and two M. mulutta, that were habituated to long, daily periods of head fixation. In essence, the monkeys controlled the duration of an experimental session for, when they became sufficiently impatient, their restlessness made it difficult to record from single units for an adequate time period. Sessions commonly lasted 4-6 h, and the monkey was then returned to its cage.
The head was painlessly secured to a rigid metal framework by means of three threaded receptacles formed from pairs of 0.25 inch x 20 (-10 mm) stainless steel nuts. These nuts were permanently fixed to the skull with surgical-grade methacrylate, which also surrounded 1 x 3 mm stainless steel bolts placed in clean, dry bone. Head restraint was achieved by inserting bolts into the threaded receptacles formed by the pairs of nuts. In later experiments a simpler and somewhat more durable arrangement was employed. This system was copied directly from that developed by E. V. Evarts (personal communication) and had the advantage of providing a single point of fixation via a 25mm-diameter locking ball joint (LM201-110, available from LineMaster Products, Lawndale, CA 90260), which allowed easy control of head posture. The joint was coupled to the animal by means of a 13-mmdiameter pin engaging a slotted and drilled aluminum "halo." The semicircular halo was permanently and rigidly attached to the head via three bolts, previously placed in keyways cut in the skull during aseptic surgery on the anesthetized (secobarbital) monkey.
During surgical preparation four electrodes were also implanted in the bone about the orbit for recording the electroculogram (EOG). In the last four animals these were matched silver-silver chloride electrodes (7) , which allowed DC recording of eye position. Connections from these and a reference electrode inserted in posterior midline bone were brought to a subminiature, coded socket.
In addition, internally threaded stainless steel cylinders, 16 mm wide and 10 mm deep, were secured to bone overlying the fovea1 representation of the visual field in striate cortex on one side and more peripheral representation on the other and, in four animals, over the lateral geniculate nucleus (LGN) on one side. When not in use these cylinders were closed with a plastic cap having a pressure-relief port. Microelectrode penetration could be made anyplace within the cylinder by means of a micropositioner, which carried the head stage of a Kopf hydraulic microdrive (Tujunga, CA 91042). One to two weeks after this initial surgery, the animals were briefly anesthetized with methohexital (Brevital, Lilly) while the bone was trephined from within one of the cylinders, leaving the dura mater intact. Aseptic precautions were always maintained whenever the cylinder was uncapped. Prior to each recording session the dura mater was very carefully debrided and covered with a layer of sterile, warm Vaseline extruded from a tuberculin syringe in such a way as to preclude the entrapment of air bubbles. The cylinder was then filled with sterile, melted bone wax having a temperature of about 52OC. The Vaseline and the heat sink provided by the metal cylinder protected the brain from the hot wax, which rapidly congealed to form an effective hydrostatic seal through which microelectrodes readily penetrated. At the end of a recording session the position of the penetrations was noted, the wax and Vaseline removed, and the cylinder recapped. Under these conditions the dura mater remained readily penetrable for about 3 wk, after which time use was made of the second cylinder. Since manipulation of some portions of the dura mater is potentially painful, all animals were carefully observed to be certain none of the above procedures caused them distress.
Two different systems were utilized in the attempt to attain an evenly illuminated ganzfeld. For the first four monkeys both pupils were constricted with pilocarpine. The corneas were anesthetized with 4% xylocaine and covered with opalescent contact lenses, which attenuated transmitted light by 0.8 log units. Personal test of these lenses (by Y. Kayama) confirmed that they produced a featureless, evenly illuminated field. However, for further assurance the guard hairs about the monkey's eyes were also clipped and the animal's head was placed at the center of an opalescent hemisphere, 40 cm in diameter, which was either transilluminated with a projector that produced an intensity of about 200 cd/m2 at its center and about 100 cd/m2 at its edge or by stroboscopic flashes from a Grass photic stimulator (Quincy, MA 02169). Previous work in this laboratory had shown that saccadic eye movements made by monkeys under these viewing conditions failed to generate any consistent input over optic tract (5) . Nevertheless, the gradient from center to periphery of the field was worrisome and it was also inconvenient to change from binocular to monocular viewing conditions, which required placing a molded light-proof patch over one or the other eye. Therefore, for the second group of four monkeys a binocular ganzfeld was constructed from a design developed by Robert B. Barlow and his colleagues. Halved table-tennis balls were shaped to fit the monkey's orbits and were independently illuminated by defocused beams from two American Optical microscope lamps operated from independent, stabilized power supplies. The light passed into flat white, light-proof cones, 16 cm in diameter at their entrance and 25 cm long, the viewing end of which was formed by the halved Ping-Pong balls. The white interior surface of the cone greatly improved the evenness of the illumination. Either beam could be interrupted by a heat-protected, electrically operated shutter with a 5-ms action (225L2A14X5, Uniblitz shutter, Vincent Associates, Rochester, NY 14609), and its intensity could be controlled with neutral-density filters. Lightproof cloth sleeves were placed around the point where the viewing port contacted the monkey's face so that there was no significant leakage of light between one channel and the other. The illumination transmitted through the Ping-Pong ball was measured frequently and averaged about 400 t 30 cd/m*. In some experiments using this device the monkey wore opalescent contact lenses over constricted pupils, and in other instances the pupils were dilated with atropine and no contact lenses were used. In the latter case the illumination appears very intense to the human observer, yet the monkeys merely blinked a few times at its onset and made no effort to keep their eyes closed. There were no obvious differences in the data taken using these different means of approximating uniform, diffuse illumination.
The EOG was calibrated as to direction and amplitude simply by inducing the monkey to fixate objects, e.g., the experimenter's eye at a peep hole, deviating by known amounts from relaxed forward gaze.
Single-unit recordings were made with glassinsulated Pt-Ir microelectrodes having a rather abrupt taper at their point and about 15 pm tip exposure (Frederick Haer Co., Brunswick, ME 040 11)) using a negative-capacitance amplifier with driven shield. Unit potentials, the horizontal and vertical EOG, and appropriate synchronizing signals were recorded on 0.5-inch magnetic tape for subsequent analysis with a CAT 1000 (Mnemetron) computer and ancillary circuitry including a system specially designed for utilizing the CLOOGE (continuous log of ongoing events) data format developed by Chung et al. (14) . This format, in which the natural logarithm of the time between action potentials appears as the Cartesian ordinate and the time of recording the potential as the abscissa, has the necessary advantage of condensing, yet preserving, the dynamics of relatively long periods of unit activity. For the present illustrations the blanked beam of a storage oscilloscope was made to rise from zero on the ordinate at an ever-decaying rate ((dy)l(dt) = l/t) commencing with each action potential. At the occurrence of the next potential the beam was momentarily unblanked to produce a "stored" spot on the screen and then returned to zero on the ordinate, from whence it again began its rise. At the same time but independently of the occurrence of potentials, the beam was moved along the abscissa in small steps representing either 0.5-or 1.0-s intervals. This logarithmic scaling of interspike intervals permits representation of exceptionally long intervals without sacrificing resolution of short intervals ( Figs. 1 and 2 ), but in doing so it also tends to "smooth" the data, thus partly concealing irregularities in discharge rate, e.g., compare in Fig. 1 the linear versus CLOOGE representation of the same data.
Unit activity was sought while the monkeys viewed the ganzfeld, which was alternately illuminated or darkened at intervals of roughly 10 s. When a unit was encountered, its waveform and the duration of its components were first carefully measured, and preliminary estimates made of its response characteristics. Formal analysis began by recording the activity for one or more alternations of binocular light versus darkness, each lasting for 2 min. This was followed by similar periods of monocular illumination. During such recording the EOG was always observed to be certain that saccadic eye movements were occurring, i.e., that the monkey was awake; and in the event of their absence for more than a second or two, the animal was alerted by touching it or by various auditory stimuli. It was impractical to study the full 15-to 20-min course of dark adaptation for each luxotonic unit but, as might be expected, such changes as did occur were much more prominent in the first l-2 min than subsequently, and for the great majority of units studied it appeared that the effects of dark adaptation would be largely undetectable beyond this time. Comparison of linear versus logarithmic (CLOOGE; Ref. 14) presentation of the same 2,367 interspike intervals for a l-min period of activity in a nonluxotonic unit firing continuously at an unusually high rate (39.54/s for the sample shown). Bin width, 0.5 s. The two circled intervals in the CLOOGE format were too long (> 150 ms) to be included in the linear display. Note that the rate of discharge is highly irregular, but appears much more constrained in the CLOOGE than in the linear presentation. See text and Fig. 2 .
Electrode penetrations were made so as to sample as wide an area as possible for the striate cortex accessible immediately beneath each implanted cylinder. The depth of penetration was taken from the readings of the microdrive in reference either to the drop in impedance recorded as the microelectrode contacted fluid on the dura mater after passing through the wax and Vaseline or from the level at which the first units were encountered. For the first 7-10 days of recording, care was taken to limit penetration of the microelectrode to the outer 2-3 mm of the cortex to avoid the trauma that might ensue from passing the thicker shaft of the electrode through pia mater and cortex. In a few instances, when it became more difficult to isolate units in the external cortex, possibly because of greater pressure required to penetrate the dura mater, the microelectrode was advanced several more millimeters until it contacted layers of the internal calcarine cortex.
At the end of the experiment the monkey was anesthetized with pentobarbital and perfused with 0.9% NaCl followed by 10% formalin. A complete series of Nissl-stained, 25pm histological sections was prepared from the relevant portions of the frozen brain. Efforts to locate small electrolytic lesions made to mark intracortical loci were largely unsuccessful, however, possibly because several weeks frequently passed between placing the lesion and perfusing the animal. This disappointment was somewhat assuaged by the fact that, in the great majority of cases, no evidence could be discerned that an electrode had ever entered the cortex even though some 20-30 penetrations were usually made in each cylinder. Similarly, atraumatic penetrations were noted for the LGN where, except for deliberate electrolytic marks, the lower laminae of the nucleus remained free of gliosis from penetration of the electrode tip, while the track of the electrode shaft could be detected above the nucleus and in the most dorsal layers.
RESULTS

Classijcation of responses
For the striate cortex 385 well-isolated units were observed from 10 min to 2 h, during which time their characteristics remained sufficiently stable that their response to diffuse illumination could be classified with varying degrees of completeness (Table 1 ). There appeared to be no significant difference in the frequency with which any type of unit was encountered for fovea1 versus peripheral representation of the visual field, as judged by anatomical location of the penetration.
In accordance with previous practice (3), a luxotonic unit was arbitrarily defined as one in which the presence of diffuse, featureless, wide-angle illumination (20-450 cd/m2) altered the continuous discharge of the unit by at least twofold when comparing its maintained rate over a period of l-2 min in this light versus darkness. This definition had been chosen originally simply to gain assurance that the responses called luxotonic were defensibly different from those designated as nonluxotonic and as being generally well beyond the range of variability in sustained background activity. As can be seen in Fig. 3 , this choice, made for squirrel monkeys, appears to be remarkably apt for macaques. Although a few units that fall just beyond the specified limits have still been included in the luxotonic group and units with rate of discharge 9/s have been designated nonluxotonic (their "tonicity" being minimal), there is, nevertheless, a rather suprisingly clear distinction between the luxotonic and nonluxotonic groups. This separation has not been so clear cut in subsequent experiments (R. R. Riso, H. Brust-Carmona, J. R. Bartlett, and R. W. DotY 7 unpublished observations) on macaques studied under conditions of curariform paralysis. It is thus at present uncertain whether luxotonic and nonluxotonic responses grade continuously into one another or if, in the fully normal animal, the discontinuity suggested in Fig. 3 
. . J. R. Bartlett, and R. W. Doty, unpublished observations), the gradation between luxotonic and nonluxotonic units could obviously be altered by this factor; although in the present experiments no systematic differences were noted among the various units studied at one versus another luminance in the range of 20-450 cd/m%
The nonluxotonic responses fall into three categories (Table 1) : slowly adapting, units that showed a pronounced alteration in rate of discharge in passing from light to dark or vice versa, but within lo-120 s had returned to their initial rate despite continuation of the steady light or darkness; transient, units that discharge a few extra spikes for only 0.5-2 s after change in diffuse illumination;
and unresponsive, those units 3-5, 12, 14) . In all cases the discharge was clearly irregular, even when the monkey's behavioral alertness, as judged by frequency of saccadic eye movements, appeared to be invariant (Figs. 4-7, 14, 16) .
It must not be supposed that the luxotonic response was the only one given by units here described as luxotonic.
Indeed, the majority also responded vigorously to stroboscopic flashes (Table 2 ) and responded as well to onset of light and/or darkness (Figs. [5] [6] [7] 14) . In addition, most showed some degree of adaptation to either light or darkness, or to both, (Figs. 4, 5, 7, [12] [13] [14] 16) .
The variety of these transient and adaptive effects was such as to include examples of essentially all of the possible permutations and combinations.
For example, there were photergic units that displayed an adaptation to light by a gradual decrease in rate of discharge after a long-lasting on-response but lacked any off-response (Fig. 4) , whereas others underwent a gradual increase in discharge over a period of 3-60 s (Figs. 12, 14A ). There were also scotergic units which showed a sustained off-response and a gradual diminution over 20-60 s to a plateau (Figs. 7, 14B and F, 16). In one photergic unit that was silent in darkness, the first spike after on did not appear for 270 ms, and the second after 725 ms, whereas after a few seconds of steady light the rate of discharge was averaging 30/s; and the last spike occurred 40 ms after off. On the other hand, roughly one-third of the luxotonic units manifested neither adaptive nor transient effects, but simply followed a step function to their new rate of discharge on change in the level of illumination (e.g., Fig. UC, 0) . Pseudophotergic units A unit that gives a transient response to cessation or diminution of illumination, i.e., an off-or on-off unit, will, obviously, generate such a response each time the monkey blinks while the light is on. Indeed, such units clearly serve to signal these events (blinking); and since a brief, partial closure of the lids commonly accompanies saccadic eye movements (SEMs), the Photergic unit with off-discharge on cessation of illumination (157 cd/m'; upper arrow) and corresponding on inhibition (lower arrow). Aside from these transient effects, discharge in darkness is almost absent while, after slight adaptation, it becomes steady in the light. Mean rate in light, 4.5/s. "punctuation" supplied by these transient and frequent, such an off-or on-off unit responses assumes added importance.
For would be very likely to register a greater the present analysis, however, it is also total discharge while the animal was in apparent that were blinking to be consistent diffuse light than while it was in the dark. 6 . Scotergic unit, in which most of discharge in the light is generated by blinking. Upper set of traces taken about 4 min after light turned on (188 cd/m2), and lower set after more than 5 min in darkness. EOG recorded in AC mode; upward deflection signifies upward or rightward eye movement. In most of the instances shown the upward movement probably indicates a slow blink terminated after about 200-300 ms by a downward eye movement. There was no discernible modulation of discharge rate in the dark by eye movements. See Fig. 16 . .a '. In other words, there is some danger that spurious luxotonic activity might be claimed for such units, and it is thus essential that this potential source of artifact be examined in all photergic units. Fortunately, the true situation usually can be readily discerned (Figs. 8, 9 ), and such pseudophotergic units identified for what they are. Such units have been classified as transient in Table 1 . For all units designated herein as photergic, analysis of their discharge in relation to SEMs shows them to be free of significant contamination from such potentially confusing effects (e.g., Fig. 17 ). It is probable that a few units that were genuinely photergic have been placed in the transient category because their on-or off-on responses were also sufficiently prominent as to make their distinction from pseudophotergic units problematical.
Slowly adapting units
Equally as common as luxotonic units ( Table 1 ) were those that, while showing a pronounced alteration in rate of discharge in passing from light to dark or vice versa, failed to sustain this change for more than, usually, lo-20 s (Figs. 10, 11 ). An occa- Response includes temporary suppression after stroboscopic stimulation, i.e., not only enhancement.
sional unit of this type might take l-2 min to approximate its original rate. In either case the usual response was a large change, either enhancement or suppression, which followed the rate of discharge then gradually rose or fell in a roughly monotonic, exponential fashion to a level which might or might not differ from that seen in the other state of illumination (Figs. 10, llA), but which in the former case failed to attain the twofold difference seen for luxotonic units (Fig. 3) . In a few units adaptation had two or more phases, which could be of opposite nature, e.g., initial depression of discharge followed by gradual recovery to levels exceeding that present initially, and this in turn subsiding to the initial level. Also, as with luxotonic units, a few slowly adapting units showed little immediate change on cessation or onset of diffuse illumination, but gradually increased or decreased their discharge over a period of lo-60 s and then, even more gradually, returned to their previous rate. In all cases, of course, these phenomena of slow adaptation were embedded within a highly irregular momentto-moment fluctuation in rate of discharge. Again no combination of effects appeared to be excluded, i.e., there was pure on enhancement with off suppression, enhancement or suppression (Fig. 10) at both on and off, etc; and transient discharge to change in illumination was common (see also Table 2 ).
Transient units
Units that displayed a purely transient response to diffuse illumination were relatively rare. However, all varieties of response, e.g., discharge at both on and off (Fig. 1123, C) , suppression at on, enhancement at off, etc., were represented, although, perhaps by the nature of the procedures employed, excitatory responses were the more common. Roughly one-third discharged only to on, one-fourth only to off, and another fourth at both on and off, and others responded only to the strobotron.
The transient responses for transient units did not seem to differ from those seen with luxotonic or slowly adapting units.
The alteration in discharge usually ended within 500 ms, exceptionally within l-2 s, and thus consisted of only a few spikes. In each case the response tended to be complex, displaying two or more peaks of excitation and, if background activity was high enough to reveal it, intervals of strong inhibition.
The earliest responses occurred within 20-25 ms, but much more common was a tendency to discharge within 50-80
Pseudophotergic unit in which high rate of discharge in the light (188 cd/m') is generated by eye movements and blinking. EOG in upper two traces recorded in AC mode, upward deflection signifying upward or rightward eye movement. Large vertical deflections correspond to blinks and, in the light, give rise to a sharp burst of discharges. Similar, shorter bursts of discharge accompany each small upward deflection, which is part of the pattern of nystagmus in this animal. Histogram appears in Fig. 9 . In the dark, discharge in relation to eye movements is less obvious, but in Fig. 15D can be seen to be effecting a minor modulation of discharge. Fig. 8 with rate of eye movements and spike discharge averaged continuously for 5-s samples. Dashed line at left gives approximate level of preceding activity while in the dark. Unit displays a strong on-response, which quickly adapts. However, this transient response, occurring to blinks and upward eye movements, is primarily responsible for the unit displaying a higher rate of discharge in light versus dark. Histogram at right shows modulation of discharge, averaged in 50-ms bins around eye movements occurring in the light at time indicated by arrow (0) for 58 eye movements, including blinks. It is estimated that 70% of the discharge seen while the light was on could be attributed to such activity. On five occasions while the animal was in the dark there were no eye movements for a period of 5 s, indicating that the animal was dozing. Note that at these times the rate of discharge of this unit often increases dramatically. ms after a flash or onset of illumination. Some units consistently fired as late as 150-200 ms.
Responses to strobotron
The responses of transient units to stroboscopic flashes were brisk and consistent. On the other hand, 34 units (Tables 1 and 2) responded only occasionally to stroboscopic flashes, but not to the onset or cessation of more enduring illumination. This weak and sporadic response to the strobotron has been discounted in Table 1 and these units designated as unresponsive in order to retain a basis of comparison with the second group of four macaques (see METHODS) in which the unresponsive units could not be tested with the strobotron because of the viewing conditions required in the binocular ganzfeld. The unresponsive units constitute 40% of the sample in the first group (tested with strobotron) and 38% in the second.
For transient units discharging only to the onset of diffuse, continuing illumination the response was essentially the same as to the strobotron. The response to the strobotron, however, was not readily predictable for the other types of transiently responding units, e.g., for off-, on-off units, etc. It can also be seen in Table 2 that whether or not a unit responded to the strobotron was not closely correlated with the unit's other characteristics in relation to diffuse illumination, although a substantial number of unresponsive units did remain unresponsive to the strobotron and, as just noted, units of this type that did respond to it, did so only weakly.
Binocularity
AS can be seen in Table 3 and exemplified in Fig. 12 , about two-thirds of the luxotonic and slowly adapting units responded unequivocally to input from either eye. In this they differed significantly (P < 0.01) from transient units, which were more likely to respond only monocularly under the conditions of this experiment. However, it seems very likely that had it been possible to employ a greater variety of stimuli, the degree of observed binocularity would have Nonluxotonic unit displaying transient suppression of activity on transition either from dark to light (450 cd/m'; upper), or light to dark (lower). Rate of discharge gradually returns approximately to initial level within about 15 s. Bin width 1 s, Z-min total sample. For 2-min samples taken during stable period the average rate in light was 10.78/s; in dark, 14.05/s. Unit classified as slowly adapting (Table 1) .
been much higher and this difference would be eliminated (46) .
An interesting, common feature of the binocular responsiveness in many units was the seeming absence of any binocular summation ( Fig. 12 ; but see Fig. 13 ). This, of course, is reminiscent of one's every day experience, that the world appears no brighter viewed with both eyes than it does viewed with either alone. The physiological effect depicted in Fig. 12 can be stipulated by the simple statement that here 1 + 1 = 1. Obviously, such an effect would prevail were the firing capacity of the unit merely exceeded by the synaptic drive generated via either eye alone; but preliminary experiments have so far failed to produce clear evidence that the 1 + 1 = 1 effect arises simply from such "saturation." They have, on the other hand, revealed a rather suprising diversity of binocular interactions for featureless, diffuse illumination. Some of the effects are simply summative and equal, as in Fig. 13 , but in many cases the responses are unequal, of differing time course or, in several instances, antagonistic (Fig. 14) .
It can be seen in Fig. 14 that the binocular response effectively combined the effects from each eye individually for both the light Luxotonic and slowly adapting units differ from transient units in being more frequently binocular, P < 0.01, while themselves showing no statistically significant difference in this regard, P > 20.
and dark conditions.
The right eye was strongly photergic (Fig. 14C) yielding almost no discharge when it was darkened (the left eye having been in darkness for at least 2 min- Fig.  140 ). The left eye, on the other hand, while not scotergic, showed a prolonged and vigorous off-discharge (Fig.  14F) , which was reflected in the light by strong responses to blinking (Fig. 14E) . Together the two eyes produced a moderate level of photergic activity in the light, punctuated by the brief bursts of discharge accompanying blinking (Fig. 14A) , and a much attenuated off-response on passing from continuous light to darkness (Fig. 14B) . Effect of saccadic eye movements As noted above, for pseudophotergic units or units showing brisk on or off transients, SEMs in the light were com- for about 100 ms after the saccade followed, at 150-200 ms, by 100 ms or more of excitation (Fig. 15) ; but there were many variants of this pattern. Whether the inhibition might sometimes precede the saccade (Fig. 15) remains uncertain because of variation in the rise time of the electroculogram, depending on amplitude of the saccade. In any event, it is apparent that the modulation associated with eye movements made in the dark is relatively weak and often becomes readily apparent only when a rather large number of eye movements is analyzed. However, this in no way dismisses the existence of the phenomenon.
Ocular nystagmus occurred consistently in two of the macaques when they were in the dark and, for much of the time in these animals, even in the ganzfeld (Fig. 4) . The basic phenomenon seemed to be a slow drift of the eyes to right, left, or upward with saccadic returns at about 0.5-2 Hz. The direction of the horizontal drift could be influenced by monocular illumination, tending to be toward the eye in darkness. FIG. 13. An unusual photergic unit requiring binocular input. Rate of discharge shown as average of 10-s samples, with four of five repetitions of each condition, i.e., illumination of right, left, or both eyes with 157 cd/m2. There was essentially no discharge in the dark. The response was not significantly modulated by eye movement.
monly followed within 50-150 ms by discharge. In most cases (e.g., Fig. 6 ) this discharge was consistent only for upward saccades, suggesting that the discharge arose consequent to partial occlusion by the lids rather than in response to the saccade per se. However, it would be exceedingly difficult to remove all ambiguity on this point, i.e., to know whether the saccaderelated discharge reflected lid closure, response to transit of undetected inhomogeneities in the ganzfeld, a genuine "corollary discharge" (5), or a combination of these. Thus, in this situation, it is only in total darkness that fully definitive results can be obtained regarding the question of whether ocular saccades themselves influence the discharge of units in striate cortex. As shown in Table 4 , the discharge of a rather substantial proportion, 15-33%, of these units is modulated by SEMs, and this was true regardless of the type of response given to diffuse illumination. Conceivably, a still greater proportion of the units might display such modulation had it been feasible to perform the analyses in relation to direction of eve movement. as
Effect of sleep
While a systematic study of the effects of sleep was not undertaken, it was difficult to avoid incidental observations since, in the absence of meaningful visual input, most monkeys dozed for varying periods, from a few seconds to a few minutes in this nondemanding experimental situation. Dozing was evidenced by a cessation of SEMs, an invariant correlation between dozing and lack of SEMs having earlier been established by removing the ganzfeld and using an infrared "sniper scope" to observe the monkey's behavior in darkness. This common habit of the animals, in fact, necessitated special care to be certain that the behavioral state was known for all recording of unit activity. Unless specified otherwise, all data reported herein were taken only from the alert animal. When necessary, the monkey was kept alert by touching it or by auditory stimuli.
Since closure of the eyes effects a visual change if the animal is in the light, the effects of sleep on unit discharge were considered valid only if comparisons could be made on transitions between the alert and dozing 14. Grossly noncongruent effects from the two eyes; 2-min samples, l-s bin width. Open arrows, diffuse light, 400 cd/m2; solid arrows, darkness. Binocularly (A, B), unit is photergic and displays bursts of activity with blinking in the light (A). When only the right eye is illuminated (C), photergic effect is even stronger, average rate in steady state 20.60/s versus 6.97/s binocularly. With left eye in light (E) rate is generally low except for brisk bursts with blinking, reflecting the strong off-discharge (F) after illumination limited to left eye (right eye having been in darkness for 2 min). With continuing darkness rate approaches zero, as can be seen at the start of records A, C, E, as well as for dark in D. Unit encountered 2 mm beneath dura meter in right operculum about 15 mm for midline, i.e., in striate cortex receiving projection from about 3" from center of visual field.
states in total darkness. Under these conditions it was not uncommon to encounter units that discharged more rapidly when the monkey was dozing than when it was alert (Fig. 9 ). This effect was particularly striking in otherwise unresponsive units that had very low or no discharge in the alert state. For instance, one unit, observed for 3 min in the light and for two 3-min periods in the dark, discharged not a single impulse; but when, in the dark, ocular saccades ceased, the unit fired erratically at 18-40/s throughout the duration of this state. For a few photergic units the rate of discharge during dozing in darkness exceeded that during alertness in the light. On the other hand, several units were observed that became virtually silent on cessation of eye movements in the dark (Fig. 16) . A similar diminution in discharge was consistently observed in units from the LGN in such circumstances. Modulation of spontaneous discharge by saccadic eye movements in total darkness, bin width 50 ms, spike counts per bin converted to discharges per second. Dotted lines indicate mean discharge rate in the dark for each unit. A : unit with no response to diffuse light, but a weak response to strobotron. Average of 70 saccades. B: unit with a transient on-response; 123 saccades. C: unit with transient off suppression to diffuse light; average of 81 saccades. D: same unit as in Figs. 8, 9 , having slowly adapting on-response to diffuse light; average of 195 saccades. E: photergic unit without phasic phenomena; 47 saccades. F: unit that gave no response to steady light but discharged weakly to strobotron; analysis presented is for 39 beats of nystagmus occurring at intervals of about 750 ms. Nystagmus was not present for any of the analysis in samples A-E.
In other instances, in darkness, cortical unit discharge could start and stop abruptly, e.g., punctuating 4-to 10-s periods of discharge with l-3 s of silence. Analysis of the interspike-interval histograms in one such nonluxotonic unit in light when discharge was continuous, versus a period in the dark when these abrupt, recurring pauses were manifested, showed them to be essentially identical (mean ca. 60 Hz, range of 5-70 ms for interspike intervals). These steplike transitions between silence and rat her prolonged vigorous discharge would seem to reflect a switching between two controlling mechanisms and is reminiscent of the abrupt changes sometimes seen in geniculostriate excitability as tested by with sufficient certainty. Data from these animals, however, were consistent with the findings on the fourth animal, in which 46 units were clearly identified as to their position in parvo-versus magnocellular laminae and their response satisfactorily classified for diffuse illumination (Table 5) . No binocular influence could be detected even though it was sought merely as a slight change in responsiveness to illumination of the dominant eye when the second eye was illuminated.
The sequence of change in ocular dominance thus gave decisive evidence as to the laminar location of the microelectrode tip, and the distinction between parvocellular and magnocellular laminae could almost always be made on the basis of the latency and waveform of the evoked potential (as subsequently verified by reconstruction of the electrolytically marked electrode tracks). The latency of the evoked field potential in the magnocellular laminae was -22-28 ms and usually displayed prominent oscillations (3), whereas in the parvocellular laminae the waveform was more complex and began only after -30-40 ms.
Using this sequence of ocular dominance, latency of the evoked potential and electrolytic marking as criteria to locate the site of recording, the data in Table 5 can be  accepted with considerable confidence, showing that luxotonic units occur in both magno-and parvocellular laminae (Figs.  17, 18) . The relative preponderance of units encountered in magnocellular layers compared to the actual ratio of magno-to parvocellular elements is presumably attributable to the greatest likelihood of maintaining prolonged recording from these by absence of eye movements, at which time in contrast to unit in Fig. 9 , rate of discharge is greatly depressed both in light and dark.
larger neurons. On the other hand, in view DIsCUssIoN of the putative excitatory nature of the geniculocortical pathway it is of considerable interest that the ratio of photergic to scotergic units in the LGN (l/3.3, Table  5 ) is opposite that observed in striate cortex (4/l, Fig. 3) , even though the overall percentages of luxotonic units are almost identical (Tables 1, 5) . Another difference between luxotonic units in LGN versus cortex was the prominent adaptation for a minute or more which the former displayed following change in illumination (e.g., Fig.  18 ) much more commonly than did units in striate cortex.
Confirming the observations of Buttner and Fuchs (12) and of Duffy and Burchfiel (22), and in contrast to the findings at striate cortex (Fig. 15, Table 4 ), the discharge of LGN units was not modulated by saccadic eye movements in the dark ( It needs no emphasis that the major function of the visual system is to locate and identify distant objects. The vertebrate retina, however, also imparts to the central nervous system less sophisticated information that: a) influences circadian and seasonal cycles of behavior via the suprachiasmatic nucleus (e.g., Ref. 26) and pineal gland; 6) regulates production and/or release of melanocyte stimulating hormone (MSH), which serves in many species to adapt body coloration to that of the environmental background (see Ref. 43 for review); and c) controls the aperture of the pupil in relation to the logarithm of the luminance over a range of 8 log,, (2, 60). Although the retinal input for these three functions is presently not well specified, the existing evidence 17). The strong modulation sometimes seen in the light (Fig. 17) undoubtedly arises, squirrel monkey 70% of the luxotonic units also display a "luminance" function in that their rate of discharge is proportional to the level of illumination (3); and a similarly high percentage of the luxotonic units in curarized macaques show luminance behavior (R. R. Riso, H. Brust-Carmona, J. R. Bartlett, and R. W. Doty, unpublished observations).
As noted in the INTRODUCTION, it seems likely that luxotonic activity is rare or absent in striate cortex of the cat and rabbit. It must thus be asked whether primates are unique in having luxotonic units in neocortex and, if so, what functional differences might be expected between cortical and visual systems having direct luxotonic input versus those that do not. Neither of these questions can be addressed with any confidence at present.
There is, however, an apparently clear anatomical difference between nonprimate species and macaques that could underlie the seeming difference in regard to presence or absence of cortical luxotonic activity.
Using discrete, electrophysiologically controlled injections of horseradish peroxidase into various subcortical visual centers in macaques, it could be shown that all retinal ganglion cells send terminals
The latency to onset of the off-discharge was 70 ms.
into the LGN (9) . Electrophysiological data are concordant with the anatomical observations (51) . Ipso facto, striate cortex in macaques is potentially in receipt of all information emanating from the retina. In the cat, on the other hand, both electrophysiological (24, 27; but see Ref. 61) and anatomical (35) data show that projection from some retinal ganglion cells bypasses the LGN to terminate only in the tectal or other areas. The same appears to be true of the rat (57), rabbit (39) , and ground squirrel (40) . It is thus conceivable that in these species luxotonic input might bypass the LGN, whereas in primates the LGN inevitably receives a strong, principal, or collateral luxotonic input.
The most serious challenge to this thesis is the work of Papaionnou and White (44), who found numerous luxotonic units in the LGN of cats under barbiturate anesthesia. Some of these units might actually have been in the ventral lateral geniculate nucleus, where at least 8% of the units have unequivocally luxotonic properties (56); but such an explanation probably cannot wholly account for their findings.
Another difficulty is the extraordinary susceptibility of cortical luxotonic activity to depression by anesthetic or even ataraxic agents in Saimiri (3), a finding now confirmed for macaques (R. R. Riso, H. BrustCarmona, J. R. Bartlett, and R. W. Doty, unpublished observations). This could explain, in part, the failure of other investigators to encounter luxotonic activity in the neocortex. Yet Papaionnou and White (44) in cats and Marrocco (38) in macaques have readily found luxotonic units in the LGN of animals under barbiturate anesthesia. These facts suggest that the cortex must be the major site of anesthetic depression of luxotonic activity. However, the absence of luxotonic activity in striate cortex even in alert cats (18, 29, 33, 48) , obviously shows that such a conclusion would be premature.
It should be appreciated that the luxotonic activity described herein consistently involved response to diffuse illumination, as distinct from illumination targeted on the center of a unit's receptive field. The characteristics of the retinal ganglion cells that convey this luxotonic signal can only be inferred at this time. In anesthetized monkeys or those under nitrous oxide, the receptive fields of the majority of retinal ganglion cells are organized in an antagonistic fashion so that the activity arising from the central portion of the field is inhibited by that from a concentric surround (16, 30, 51) . Were these mutually antagonistic portions of the receptive field suitably balanced, there would simply be a cancellation on stimulation with diffuse white light. However, since it is highly unlikely that the luxotonic activity we have observed in LGN and striate cortex could be derived entirely from the rare nonconcentric ganglion cells (16) , it is logical to assume that surround inhibition is weak or absent for white light in color-opponent cells, which display sustained discharge (at least for a second or two (51)). Indeed, Hubel and Wiesel (30) remark on the occurrence of this effect in tract units of the spider monkey; and it is also apparent in the LGN of squirrel monkeys (32) and macaques (17) . Were this to be a particularly common feature of coloropponent ganglion cells, it might account for cortical luxotonic activity and explain why it has so far been found only in species unequivocally having color vision.
Lateral geniculate nucleus
Given the strong tendency for responses in the magnocellular laminae of LGN to be transient (52) , it is somewhat unexpected to find luxotonic units there ( Fig. 17 ; Table 5 ). However, some midget, fovea1 ganglion cells are known to project to the magnocellular laminae in macaques (9)) and previous work on Saimiri (3) had indicated that some luxotonic cortical units do receive magnocellular input. Equally unexpected in the LGN, in the light of fluctuations in its excitability in alert primates (5, 6 ) and the effects noted at striate cortex (Fig. 15) , is the absence of modulation of unit discharge associated with saccadic eye movements in darkness. This merely confirms earlier, extensive observations (12, 22) , but leaves mysterious the path by which the corollary discharge (5) or proprioceptive input from the extraocular muscles (8) attains the striate cortex. Of course, in terms of signaling the occurrence of eye movements in the real, seen world there can be a strong modulation of many LGN units (e.g., Fig. 17 The striking noncorrespondence sometimes encountered in type of response to stimulation of one versus the other eye (Fig.  14) is not easily interpreted.
Similar units have been observed by Poggio and Fischer (Fig. 3 of Ref. 46 ). For the unit in Fig. 14,  information on blinking seems to be provided primarily by the strong off-response from the left eye, while a photergic level is set by the right eye (with inhibition from the left eye when in the binocular mode). It is possible that these two types of information are conveyed by systems that are mutually incompatible up to the junction at this unit, and that one can recognize the confluence only by the fortuitous circumstance that here the incompatible systems originate in different eyes. Were they to arise from the same eye, there would be no way to detect the confluence, and the monocular effect would simply correspond to that registered binocularly in Fig. 14 . In other words, some of the peculiar amalgamations revealed in binocular units may reflect nothing more than failure of the cortical visual system to distinguish which eye contributes to the formation of a single, binocular "image,"
which is, after all, a well known psychophysical occurrence (23).
Flrnctionul significunce
Whatever the significance of cortical luxotonic activity may be, it seems unlikely to conform to any simplistic interpretation or to represent a single, specific channel of information.
Obviously, this activity, insofar as luminance is reflected in rate of discharge of certain luxotonic units, should be relevant to the psychophysical estimation of brightness; but luxotonic activity may also contribute to stereoscopic vision or to the ,maintenance of ocular fixation, all equally speculative possibilities at this stage.
It must be emphasized that while the designation luxotonic units is concise and convenient, such nomenclature is deceptive. There clearly are luxotonic responses, but the units giving such responses also commonly display a variety of nonluxotonic characters. Many, in both Saimiri (3) and macaaues (37: R. R. Riso. H. BrustCarmona, J. R. Bartlett, and R. W. Doty, unpublished observations) respond with a high degree of selectivity to the geometrical properties of stimuli having contrast gradients. On the other hand, Table 1 suggests that luxotonic influences may be subliminal for the majority of cortical units. The rules as to which types of units participate in luxotonic activity and which do not are thus still obscure, but seem likely to be very complicated.
To at least some degree luxotonic activity extends beyond striate cortex, even into parietal areas (49).
Whatever the contribution of luxotonic activity may actually be, it is remarkable that it, like discharge of most cortical units in unanesthetized animals (11, 58), commonly displays a highly erratic temporal pattern (Figs. 5, 12, 14, 16, 17) . In other words, the "tonic" nature of luxotonic effects must not be construed as "steady," at least within the time span of seconds. It should be noted that this variability in responsiveness in the absence of anesthesia is even observed as a "wandering" of receptive fields for units in the fovea1 representation in striate cortex of alert macaques (45) .
Despite this constraint concerning the momentary stability of any single luxotonic unit and the slow onset of activity in some of them, the function of most cortical luxotonic activity might be to provide a continuing representation of the visual environment during the periods of ocular fixation. In this regard, of course, the system would operate in striking contrast to the population of neurons responding transiently; those that provide only a brief signal when and only when an abrupt change occurs in illumination.
The latter are the modulated units of Poggio et al. (45) and the transient units of this study (Table l) , constituting 16 and 13% of the population encountered, respectively, in the two cases. It is difficult to discern in the study of Poggio et al. (45) what percentage of the fusional units would fit our definition of luxotonic, but some of them (with low-pass sensitivity, their Fig.  11 ) clearly do; and their fusional units can be seen to discharge without decrement during fixational periods of several seconds. Obviously, discharge sustained for this period of time might also be achieved by units classified herein as nonluxotonic by reason of their failure to respond to diffuse light or because of the subsidence of their response in < 1 min (Table 1 , unresponsive and slowly adapting). In any event, it would seem that the extraordinary accuracy and steadiness of ocular fixation (19) would be largely superfluous were visual analysis dependent primarily on transient input. On the other hand, the fading of absolutely fixated retinal images indicates that the perceptive visual system is not designed to accept steady input beyond a few seconds. The existence of cortical luxotonic activity provides still further evidence (1, 19, 25, 47) that this loss of perception of the absolutely fixated image is a phenomenon whose cause lies within or beyond the striate cortex rather than in the retina. It also suggests that at least part of the cortical luxotonic input may remain inaccessible to consciousness.
It is, of course, tempting to believe that luxotonic units displaying luminance functions underlie the appreciation of brightness (37). This may, in part, be true. The photergic-scotergic dichotomy might here be viewed either as a redundancy or a "pushpull" system capable of greater precision than a unidirectional system. However, the occasional noncongruence of binocular effects and the mixing of luxotonic responses with those to spatially organized stimuli clearly indicate that there is more to the cortical luxotonic system than simple estimation of luminance.
It is plausible to suppose that the luxotonic system might provide a scaling factor against which the intensity of other responses could be evaluated. It is consistently observed that as the intensity of illumination is altered, so too is the intensity of the response of cortical and other units to the geometrical features of a given stimulus; yet the perceptual quality of the stimulus, e-g* 9 size, shape, direction of movement, is unaltered. In other words, despite what can be inferred concerning the fluctuating magnitude of unit discharge under different levels of illumination, the qualitative perception of the stimulus remains constant. In large measure this constancy could be accounted for were the magnitude of response scaled against a veridical representation of the general level of luminance, a representation which many cortical luxotonic units are able to provide over at least a l,OOO-fold range (3; R. R. Riso, H. BrustCarmona, J. R. Bartlett, and R. W. Doty, unpublished observations).
Finally, it is possible that luxotonic input provides a necessary trophic influence to maintain the appropriate level of excitability in the cortical visual system. Blindness in primates consequent to retinal destruction produces dramatic changes in the background electrical activity and electrical excitability of striate cortex (50). Since these effects of blindness are much more prominent in primates than in nonprimate species, it is reasonable to assume that they may be associated with the unique presence of cortical luxotonic activity in the former.
Whatever may actually be the case, it is now clear that luxotonic activity is a prominent feature of the striate cortex in primates. Understanding of visual processes will certainly remain incomplete until the functions of luxotonic activity can be specified. 
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